PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCD 



(51) International Patent Classification 6 : 
H04B 7/185 



Al 



(11) International Publication Number: WO 96/31016 

(43) Internationa] Publication Date: 3 October 1996 (03.10.96) 



(21) International Application Number: PCT/GB 95/007 18 

(22) International Filing Date: 29 March 1995 (29.03.95) 



(71) Applicant: INTERNATIONAL MOBILE SATELLITE OR- 

GANIZATION [-/GB]; 99 City Road, London EC1Y 1AX 
(GB). 

(72) Inventors: POSKETT, Peter, High Chimneys, Church Road, 

Little Marlow, Bucks SL7 3RZ (GB). MULLINS, Dennis; 
23 Kennington Palace Court, Sancroft Street, Lambeth, 
London SE11 5UL (GB). NOMOTO, Shinichi; Satellite 
Communications Group, KDD R&D Laboratories, 2-1* 
15. Ohara, Kamifukuoka, Saitama 356 (JP). GOSSELIN. 
Stephane; Appartement 4, 6, rue Duguesclin, F-22300 
Lannion (FR). 

(74) Agent: R.G.C JENKINS & CO4 26 Caxton Street, London 
SW1H ORJ (GB). 



(81) Designated States: AM. AT, AU. BB, BG. BR, BY, CA. CH, 
CN, CZ, DE. DK, EE, ES, H, GB, GE, HU, IS, JP, KE, 
KG, KP, KR, KZ. LK, LR, LT, LU, LV, MD, MG, MN, 
MW, MX. NL. NO, NZ, PL, PT f RO. RU, SD, SE, SG, SL 
SK, TJ, TT, UA, UG, UZ, VN, ARIPO patent (KE, MW, 
SD. SZ, UG), European patent (AT, BE, CH, DE, DK, ES, 
FR. GB. GR, IE, IT, LU, MC, NL, PT, SE), OAPI patent 
(BF, BJ, CF, CG, CI, CM, GA, GN, ML, MR, NE, SN t TD, 
TG). 



Published 

With international search report. 



(54) Title: METHOD AND APPARATUS FOR LIMITING INTERFERENCE BETWEEN SATELLITE SYSTEMS 



(57) Abstract 

A method and apparatus for preventing inter* 
ference between a first satellite and a second satellite 
which share frequencies for their up or down links. A 
ground station receives downlink interference above an 
acceptable threshold from the first satellite if the first 
satellite and the second satellite are separated, relative 
to the ground station, by less than a minimum discrim- 
ination angle. Likewise, the first satellite receives un- 
acceptable uplink interference from the ground station 
in that situation. To overcome the problem of inter- 
ference, the second satellite is prevented from trans- 
mitting to or receiving from a forbidden area of the 
earth's surface. Trie forbidden area may either be de- 
termined as an area within which the first satellite and 
the second satellite are separated by less than the min- 
imum discrimination angle, or as a band within which 
the first satellite is separated by less than the minimum 
discrimination angle from any point within an orbital 
band within which the second satellite is located. Com- 
munications to and from the forbidden area are either 
handed over to other areas outside the forbidden area 
for routing into the forbidden area through a ground 
network, or are handed over to another satellite. 
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METHOD AND APPARATUS FOR LIMITING INTERFERENCE 
BETWEEN SATELLITE SYSTEMS 

TECHNICAL FIELD 

The present invention relates generally to satellite communication systems, 
5 and particularly to methods and systems for limiting signal interference 
between satellite communication systems. 

BACKGROUND ART 

The recent proliferation of satellite communication systems has increased the 
likelihood of interference between signals associated with neighboring 

10 satellites. Such interference can take place, for example, when a non- 
geostationary satellite comes within the field of view of a geostationary 
satellite. As is well known, geostationary satellites remain fixed in equatorial 
orbits over particular locations on the surface of the earth. Since 
geostationary satellites ordinarily exhibit some minor variation in latitude 

15 relative to the equatorial arc, there exists a narrow "geostationary band" 
centered about the equatorial arc corresponding to the set of orbital locations 
potentially occupied by geostationary satellites. Unlike geostationary 
satellites, the orbits of non-geostationary satellites continuously vary with 
respect to the earth's surface. Non-geostationary satellites typically traverse 

20 low and medium altitude orbits below the geostationary band. 

Signal interference between geostationary and non-geostationary 
communication systems can result when non-geostationary satellites move 
into the field of view of ground stations oriented toward a particular satellite 
within the geostationary band. The potential for such interference arises 
25 whenever a non-geostationary satellite becomes located proximate the feeder 
link path between a geostationary satellite and one of its ground stations, 
hereinafter referred to as GSY ground stations. Such interference can occur 
because non-geostationary satellite systems are generally allocated, on a 
secondary basis, the same feeder link frequency bands primarily earmarked 



WO 96/31016 



PCT/GB95/00718 



- 2 - 

to geostationary systems. Consequently, it is incumbent upon the operators 
of non-geostationary systems. Consequently, it is incumbent upon the 
operators of non-geostationary systems to avoid disrupting communication 
within geostationary systems. Although it is conceivable that the feeder link 
5 band could be shared by geostationary and non-geostationary systems, the 
frequency separation required between the channels allocated to each system 
in order to ensure acceptable interference levels would make this approach 
unfeasible under most circumstances. 

Since geostationary satellites are distributed throughout the geostationary 
band above the surface of the equator, the points on the surface of the earth 
in approximate alignment with the geostationary band and a non- 
geostationary satellite form a range of "in-line" latitudes across the earth's 
surface. The position of this terrestrial in-line latitude range will vary with 
changes in the latitude of the non-geostationary satellite. Yet non- 
geostationary satellites may interfere with geostationary systems even when 
not so aligned between a geostationary satellite and a GSY ground station, 
since the antenna of the GSY ground station projects a radiation pattern 
across a finite discrimination angle relative to its beam axis. Accordingly, it 
has generally been necessary for non-geosynchronous satellites to cease 
signal transmission when in orbit above GSY ground stations in the vicinity 
of this in-line latitude range. This restriction on transmission range has 
hindered the performance of non-geostationary satellite systems coordinated 
in frequency with geostationary systems. 

One way of minimizing interference between satellite systems would be 
25 simply to operate one system over frequency bands not already allocated to 
the other systems. Unfortunately, the limited frequency spectrum available 
for satellite communication systems renders this solution untenable. 
Moveover, well-established technology is available for implementing 
communications equipment designed to process signals over the frequency 
30 bands primarily allocated to geosynchronous systems. 
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While most satellite systems have in the past used geostationary or 
geosynchronous satellites, the future development of systems using low and 
medium earth orbits is likely to increase the problem of interference, not only 
between geostationary and non-geostationary systems, but also between two 
5 or more non-geostationary systems. 

US Patent No. 5,227,802 discloses a method of controlling the amount of 
overlap between cells projected by different satellites, by turning off cells 
from one satellite when they overlap by more than a predetermined amount 
with cells from another satellite. 

10 DISCLOSURE OF THE INVENTION 

According to one aspect of the present invention, there is provided a method 
of reducing interference between transmissions from a first satellite and from 
one or more second satellites located within one or more orbital locations, 
comprising: determining a forbidden area of the surface of the earth within 

1 5 which said first satellite and each of said orbital locations are separated by 
less than a predetermined minimum discrimination angle, and inhibiting 
transmission by the first satellite to said forbidden area. 

According to another aspect of the present invention, there is provided a 
method of reducing interference in a link via a first satellite from 

20 transmissions from one or more ground stations to one or more second 
satellites located within one or more orbital locations, comprising: determining 
a forbidden area of the surface of the earth within which said first satellite 
and each of said orbital locations are separated by less then a predetermined 
minimum discrimination angle, and inhibiting reception via the first satellite 

25 from said forbidden area. 

According to another aspect of the present invention, there is provided 
apparatus for reducing interference between transmissions from a first 
satellite and from one or more second satellites located within one or more 
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orbital locations, comprising: means operable to determine a forbidden area 
of the surface of the earth within which said first satellite and each of said 
orbital locations are separated by less than a predetermined minimum 
discrimination angle, and means operable to inhibit transmission by the first 
5 satellite to said forbidden area. 

According to another aspect of the present invention, there is provided 
apparatus for reducing interference in a link via a first satellite from 
transmissions from one or more ground stations to one or more second 
satellites located within one or more orbital locations, comprising: means 
10 operable to determine a forbidden area of the surface of the earth within 
which said first satellite at said orbital locations are separated by less than a 
predetermined minimum discrimination angle and means operable to inhibit 
reception via the first satellite from said forbidden area. 

An advantage of the present invention is that the first satellite is only 
15 inhibited from transmitting to or receiving from those areas in which 
unacceptable interference will occur, instead of inhibiting 
transmission/reception whenever the beams of the first satellite and the 
second satellite or satellites overlap. In this way, disruption of the service 
provided by the first satellite is reduced. 

20 Communications with ground stations in the forbidden area may be handed 
over to a third satellite which is able to communicate with the ground 
stations without interference. 

Alternatively, communications between the first satellite and ground stations 
within the forbidden area may be handed over to ground stations outside the 
25 forbidden area. Where the ground stations provide alternative gateways into 
a ground network, communications with the ground network may thereby be 
maintained. 
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Communication with ground stations in the forbidden area may be inhibited 
by adjusting the antenna beam pattern of the first satellite, preferably by 
inhibiting spot beams incident on the forbidden area. This provides an 
advantageous method of reducing interference, since the carrier frequencies 
5 and/or reference signals of the antenna beam pattern are also inhibited in the 
forbidden area. 

The predetermined discrimination angle may correspond to a predetermined 
threshold of said interference, so as to ensure that a desired threshold of 
interference is not exceeded. The forbidden area may be determined by 
10 obtaining the present instantaneous position of each second satellite, which 
is complex and requires that information on the position of each second 
satellite is available, but minimizes the size of the forbidden area. 

Alternatively, the forbidden area may be determined as the area in which the 
first satellite is separated by less than the minimum discrimination angle from 
15 any location in an orbital band which encompasses all possible positions of 
the second satellite or satellites. An orbital band is easier to determine than 
the positions of satellites within the orbital band, although this approach 
enlarges the forbidden area. 

The or each second satellite may be geosynchronous or geostationary, in 
20 which case the position of the or each second satellite is comparatively easy 
to determine. In particular, the position of the geostationary orbital band is 
particularly easy to determine, and the majority of existing satellites are 
located within it. 

Functions of the present invention may be controlled from the ground and 
25 may be implemented to a greater or lesser extent within the satellite. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Specific embodiments of the invention will now be described with reference 
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to the accompanying drawings, in which: 

Figure 1 shows a geostationary satellite and a non-geostationary satellite in 
orbit above the earth's surface. 

Figure 2 illustratively represents the non-geostationary orbital path followed 
5 by a conventionally-equipped non-geostationary satellite relative to a 
geostationary satellite occupying an orbital location in the geostationary band 
above the equator. 

Figure 3 shows a non-geostationary satellite NG' equipped with a forbidden 
band antenna control system traversing a non-geostationary orbital trajectory 
10 NGO\ 

Figure 4 depicts the relationship of a non-geostationary satellite relative to a 
geostationary satellite and to the earth. 

Figure 5 shows a block diagram of a forbidden band antenna control system 
of the present invention designed for inclusion within a non-geostationary 
1 5 satellite. 

Figure 6 is a diagram depicting various geometrical relationships between a 
geostationary satellite G and a non-geostationary satellite I relative to the 
earth. 

Figure 7a shows an exact representation and an approximation of a forbidden 
20 band within the field of view of a non-geostationary satellite. 

Figure 7b shows a projection of a forbidden band in the field of view of a 
non-geostationary satellite located at a particular orbital position. 

Figure 8a includes a representation on the earth's surface of the horizontal 
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approximation of the forbidden band shown in Figure 7a. 

Figure 8b shows a representation of a set of forbidden bands on the surface 
of the earth corresponding to various non-geostationary orbital positions. 

Figure 9 shows a situation in which calls are handed over to a different 
5 ground station, to avoid the forbidden band. 

Figure 10 shows a situation in which calls are handed over to a different non- 
geostationary satellite to avoid the forbidden band. 

MODES FOR CARRYING OUT THE INVENTION 
Introduction 

10 Referring to Figure 1, there is shown a geostationary satellite 10 and a non- 
geostationary satellite 20 in orbit above the earth's surface 30. The 
geostationary orbital trajectory of the satellite 10 passes perpendicularly 
through the plane of Figure 1 , while the non-geostationary satellite 20 may 
be assumed 
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to be in a polar orbit transverse to the geostationary band. The geostationary 
satellite 1 0 occupies a location within the geostationary band above the equator 
Q, and hence remains in a fixed position relative to ground station 40. In the 
system shown in Figure 1 the geostationary satellite 10 provides a 
5 communication link to the ground station 40. The geostationary satellite 10 
communicates with the ground station 40 via antenna 60 over channels 
included within a feeder link band that may be simultaneously utilized by the 
non-geostationary satellite 20. 

10 As may be appreciated by reference to Figure 1 , the potential for interference 
between the non-geostationary satellite 20 and the geostationary satellite 10 
arises when the non-geostationary satellite 20 becomes located proximate the 
feeder link path (FP) between the geostationary satellite 10 and the ground 
station 40. In accordance with the invention, signals transmitted by the 
15 non-geostationary satellite 20 are prevented from interfering, beyond a 
predefined extent, with signal transmission between the geostationary satellite 
10 and ground station 40 by modifying the antenna beam pattern B radiated by 
the non-geostationary satellite 20. As is described more fully below, this 
modification involves nulling the portion of the beam pattern incident on a 
20' "forbidden band" of latitudes (not shown to scale in Figure 1 ) on the surface of 
the earth. The forbidden latitude range corresponds to the set of locations from 
which the angular separation, i.e.. topocentric angle, between satellite positions 
within the geostationary band and the non-geostationary satellite is such that 
more than a minimum acceptable level of interference would exist between 
25 signals from the geostationary and non-geostationary satellites 10 and 20 if 
beam pattern B from the non-geostationary satellite 20 was not altered. The 
topocentric angular separation corresponding to this minimum acceptable level 
of interference is derived below, and will be referred to hereinafter as the 
minimum discrimination angle D,^. 

30 
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The manner in which the present invention allows a non-geostationary satellite 
to remain operational even when in view of ground stations in communication 
with geostationary satellites may be further appreciated with reference to 
Figures 2 and 3. Figure 2 depicts a non-geostationary orbital path NGO 
5 followed by a conventionally-equipped non-geostationary satellite NG relative 
to an orbital location in the geostationary band, above the equator Q. of a 
geostationary satellite G. When the satellite NG reaches orbital location A, the 
topocentric angular separation between the two satellites from surface location 
B is equal to the minimum discrimination angle. As the satellite NG traverses 
10 the orbital path NGO between orbital locations A and C, there will exist points 
on the surface of the earth between locations B and D for which the topocentric 
angle between the satellites is less than the minimum discrimination angle D,^. 
This may be seen by observing that when the non-geostationary satellite NG 
occupies orbital positions between points E and F there exist locations between 
15 points B and D on the surface of the earth from which the two satellites are in 
alignment, i.e., locations at which the topocentric angle is zero. It is further 
observed that for non-geostationary orbital locations between positions A and 
E. and between positions F and C, the corresponding topocentric angles at 
points B and D, respectively, are less than D^. 

20' 

One way of guaranteeing that all ground stations between surface locations B 
and D experience less than the minimum acceptable level of interference would 
be to suspend transmission from the satellite NG while it is located between 
orbital positions A and C. The infeasibil'rty of this approach, however, may be 

25 demonstrated by considering the following numerical example. Assuming a 
typical minimum discrimination angle of 3 degrees, a +/- 3 degree latitude 
variation of the geostationary satellite orbiting at a height of 35,786 km, and a 
non-geostationary orbit height of 1800 km, the non-geostationary satellite would 
need to be switched off when between latitudes approximately +M8 degrees 

30 from the equator. An interruption in communication due to this switch-off could 
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only be avoided if other satellites having unused feeder link capacity were 
available to relay signals from the non-geostationary satellite to its ground 
station. As described in the following section, a non-geostationary satellite 
designed in accordance with the invention to selectively communicate only with 
5 locations not encompassed by a 'forbidden band" of latitudes allows for 
substantially improved coverage range. 

flx/ ftp/tew Qf Forb ftdan Band Implementation 

As shown in Figure 3, a non-geostationary satellite NG' equipped with a 
1 0 forbidden band antenna control system is seen to follow a non-geostationary 
orbital trajectory NGO\ In accordance with the invention, the antenna beam 
projected by the satellite NG* is directed only to those regions on the surface 
of the earth from which the topocentric angular separation between the satellite 
NG* and the geostationary orbit exceeds the minimum discrimination angle 
15 D - . In other words, for each latitude position on the orbital trajectory NGO' 
there exist locations on the earth between a forbidden band of latitudes within 
the field of view of the satellite NG* from which the topocentric angle is less 
than D min . The location of this forbidden band of latitudes will shift as the 
satellite NG" traverses the orbital trajectory NGO". In keeping with the 
20' invention, the antenna beam projected by the satellite NG' is shaped so as to 
only transmit signals to, and receive signals from, locations on the surface of 
the earth not covered by the forbidden band. 

As shown in Figure 3, the forbidden band of latitudes corresponding to the 
25 indicated orientation of the non-geostationary satellite NG' relative to a 
geostationary satellite G' extends from latitude L1 to latitude 12 about the 
equator Q. The forbidden band is positioned such that on the latitudes L1 
and 12 the topocentric angle between the satellites is equivalent to the 
minimum discrimination angle D min . It follows that the topocentric angle 
30 associated with locations within the forbidden band is less than D^, while the 
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topocentric angular separation between the satellites corresponding to locations 
outside of the forbidden band is larger than D^. In a preferred embodiment 
of the invention the antenna beam pattern from the satellite NG' is continuously 
modified so as not to illuminate the forbidden band corresponding to the 

5 instantaneous latitude of the satellite NG'. This may be effected by, for 
example, selectively energizing a cluster of spot beams projected by the 
antenna of the satellite NG 1 in accordance with a switching algorithm. The 
switching algorithm will typically be responsive to latitude information received 
from either the orbit control system of the satellite or a ground station. In this 

1 0 regard a more detailed description of a forbidden band antenna control system 
is set forth in a following section. 

Determination of the Min imum Discrimination Angle D^ 
Interference calculations are performed by separately considering interference 
1 5 between non-geostationary and geostationary downlink (i.e., satellite to earth) 
and uplink (i.e., earth to satellite) frequency bands. That is, any interference 
between uplink and downlink bands is assumed to be of nominal magnitude 
relative to interference between bands of like type. 

20/ In a particular embodiment of the invention the value of the minimum 
discrimination angle, and hence the extent of the forbidden band, depends in 
part upon the signal to noise ratio required for communications carried by the 
feeder link between the geostationary satellite 10 and ground station 40. 
Determination of the impact of signal transmissions from the non-geostationary 

25 satellite 20 upon this signal to noise ratio will generally require knowledge of 
the frequency and modulation characteristics of the feeder link, as well as of 
specific aspects of the communications hardware incorporated within the 
geostationary and non-geostationary satellites 10 and 20 and within the ground 
station 40. In this regard it will generally be necessary to be aware of the 

30 shape, or type, of the antenna beam B nominally projected by the satellite 20, 
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the gain of the antennas associated with the earth station 40 and geostationary 
satellite 10, and the frequency (e.g., C-Band. Ku-Band) and carrier 
characteristics (e.g., CDMA) of the feeder link. 



5 Derivation of the Topocentric Anole n: 

Figure 4 is a diagram depicting the geometric relationship of a 
non-geostationary satellite S' relative to a geostationary satellite S and to the 
earth. The angular separation between the geostationary and 
non-geostationary satellites S and S' as seen from the center of the earth is 

10 denoted by a, while the separation between these satellites as seen from the 
location of a ground station on the surface of the earth is identified as the 
topocentric angle r\. Given a particular value of the angle a between the two 
satellites, the corresponding topocentric angle i\ will vary in accordance with the 
location of the ground station on the surface of the earth. It is assumed that 

15 the worst case interference situations arise when the topocentric angle is at a 
minimum for a given geocentric angle a; that is, interference will be most 
pronounced when the angular separation between the satellites is at a 
minimum when viewed from a ground station. Although the distances between 
the ground station and the satellites vary as a function of the latitude of the 

20 ground station, such variation is believed to have a negligible effect on 
interference levels relative to that arising as a consequence of changes in the 
topocentric angle t). 

Referring to Figure 4, it may be seen that there exist geocentric angles for 
25 which the minimum topocentric angle, i.e., t^, is larger than zero. This 
corresponds to the situation in which the satellites are not aligned from any 
location on the surface of the earth. Whether or not the minimum topocentric 
angle Ti mjn is nonzero will depend upon the orbit heights h and h' of the 
geostationary and non-geostationary satellites relative to the surface of the 
30 earth. In particular, for orbit heights h and h' resulting in a geocentric angle a 
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less than a threshold angle there will exist ground station locations 
represented by the vector E for which the minimum topocentric angle ti^ is 
zero. Conversely, for satellite orbit configurations in which o > there exist 
ground station locations for which the associated topocentric angle >s not 
5 zero. The angle a^ n may be derived using plane geometry, and is expressed 
below as: 

where Ro is the earth's radius, and h and h' are the respective orbit heights of 
the geostationary and non-geostationary satellites S and S' (h>h'). Again, 
instances in which the geocentric angle is superior to the limit value of equation 
10 (1) correspond to situations in which there are no ground station locations 
aligned with the two satellites, i.e., n m in > °- 

In what follows it is endeavored to determine an expression relating the location 
of a ground station to the topocentric angle r\ between the satellites S and S* 
1 5 associated therewith. It is noted that the following calculations are referenced 
to the non-geostationary satellite S', as is indicated by the OXYZ coordinate 
, system used in Figure 4. 

If Ro denotes the earth radius, and as previously mentioned h and h' the orbit 
20 heights of geosynchronous satellite S and non-geosynchronous satellite S\ 
respectively, wherein 6 and <p are the spherical coordinates of ground station 
location E in the OXYZ coordinate system, one has: 





f Ro sine cos<p' 




f -{Ro*h) sinV 




' 0 } 




Ro sine sin? 


s* 


0 


S'= 


0 




i Ro cose ; 




,(Ro + h) cosa, 




K Ro+ h'i 



(2) 



Letting r and r* denote the ranges from ground station location E to the 
satellites S and S', respectively, useful vectors are defined by: 
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r>0' » £5' 



(3) 



so that the cosine of the telocentric angle is: 

OOSi) » 0.0' 



If one permits ground station location E to 'move' on the surface of the earth 
while fixing the positions of satellites S and S\ the opposite of the differential 
of E can be written: 



(5) 



The calculation of the scalar product of this equation with the two unit vectors 
leads to: 



a'.du 



dr' - drcoSTi 
r 



(6) 



The differential of the cosine of the topocentric angle is then: 



= dr- dr'casr\ + dr' - drcosty 



(7) 



10 



If e is fixed, t does not vary, so that one has: 

a(costl) . Ijr/jr ^ 
3<p T d9 \r' ) 



(8) 



The term in brackets is positive, so that the cosine of the topocentric angle 
follows the variations of r and thus the variations of the square of r, which is 
equal to: 
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r* • Ro* + (Ro + tif- 2Ro(Ro ♦ h) (cose cose - sine sinacos?) (9) 

Hence, when only <p varies, the cosine of the topocentric angle follows the 
variations of the cosine of <p and therefore the topocentric angle, when 9 is 
fixed, is minimum for 9=0. 

In the rest of this section the geocentric angle is assumed to be sufficiently low 
that there exist ground station positions corresponding to <p=0 in the field of 
view of satellite S. This condition can be written: 

a * arccosf-^-l (10) 



It should be noted that this condition is not very restrictive since the limit value, 
10 for a geostationary satellite S, is 81.3 degrees. The following notations are 
adopted for the rest of the section: 



Ro + h / Ro + h' 

p " Ro 9 ' ro 

p = arccosl 



ft) '—"ft) 



(11) 



With these notations, the conditions on a can be written: 

P - p' * a $ B ( 12 ) 

The fact that the ground station location represented by the vector E must be 
in the field of view of both satellites may be expressed using equation (12) as: 

6 s p - o (13) 

15 Since the topocentric angle r\ is the difference between the elevation of S' and 
the elevation of S as viewed from ground station location E, it is possible to 
represent the angle r\ as follows: 
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C0S6--1- 

fii - 

sine ; 



arctan 



cos(8 ■»■ o) - — 



E. 

sln(6 ♦ a) i 



(14) 



Thus, the telocentric angle r\ decreases as the angle 6 increases. 

Cofhiririftn Band Antenna Control System 

5 Referring to Figure 5, there is shown a block diagram of a forbidden band 
antenna control system 100 of the present invention designed to be included 
within, for instance, the non-geostationary satellite NG' depicted in Figure 3. 
Operation of the control system 100 is coordinated by a central processing unit 
(CPU) 102, such as a microprocessor or the like, on the basis of instructions 

10 received from a forbidden-band antenna control program 104 stored within an 
on-board memory unit 108. The memory unit 108 further includes general 
purpose memory 112 and a forbidden-band look-up table 116. 

The look-up table 1 1 6 contains information pertaining to the position and shape 
15 of the forbidden band of locations on the surface of the earth. While in 
particular embodiments the forbidden band may be approximated by a strip of 
surface locations included between a pair of latitude boundaries, more accurate 
representations of the forbidden band include latitude boundaries exhibiting a 
longitudinal dependence. When the former approximation is employed the 
20 look-up table 116 will include pairs of forbidden band latitude boundaries L1 
and L2 (Figure 3) indexed as a function of the latitude of the non-geostationary 
satellite NG'. It is anticipated that the look-up table would include boundaries 
of the forbidden latitude corresponding to a set of uniformly separated latitudes. 
An interpolation scheme could then be used to determine forbidden band 
25 boundaries corresponding to latitudes not included within the look-up table. 
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In order to approximate the forbidden band using latitude boundaries 
independent of longitude, the entries within the look-up table 116 could be 
derived in a simplified manner, for example, by using the expression for 
topocentric angle given by equation (14) above. In an initial step using this 
5 approach the minimum discrimination angle is determined as described 
in the preceding section. Following determination of D^, computation of the 
topocentric angles corresponding to a selected set of latitudes on the surface 
of the earth is generated for each satellite latitude index stored within the 
look-up table 1 1 6. This step may be performed by, for example, substituting 

10 into equation (14) a trial set of latitudes spanning a range believed to 
encompass the forbidden latitude band corresponding to the associated satellite 
latitude index. The topocentric angle corresponding to each latitude within the 
trial set is then compared with in order to determine the latitude 
boundaries L1 and 12 of the forbidden band. That is, there will exist a pair of 

15 latitudes L1 and 12 within the trial set such that for all forbidden latitudes 
therebetween the associated topocentric angle will be less than D^. This 
description of a simplified technique for determining the boundaries of the 
forbidden band is included at this juncture in order to enhance understanding 
of the control system 100. Accordingly, a more complete discussion of a 

20 , method for determining the limits of the forbidden band is detailed in a 
subsequent section. 

Referring to Figure 5, the antenna control system 100 also includes a position 
acquisition subsystem 120 for supplying to the CPU 102 information relating to 

25 the orbital location of the non-geostationary satellite. The forbidden band 
antenna control program 104 uses the orbit latitude provided by the subsystem 
120 to retrieve the boundaries of the forbidden band from the look-up table 116. 
The CPU 102 then relays the retrieved forbidden band boundaries to an 
antenna control subsystem 124. The control subsystem 124 operates in a 

30 conventional manner to configure an antenna beam-forming network 128 used 
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to drive the antenna 132 of the non-geostationary satellite. The subsystem 124 
controls the shape of the beam pattern projected by the antenna by determining 
which of the feed elements within a feed array 136 are to be energized by the 
beam-forming network 128. Electromagnetic energy is conventionally coupled 
5 from the beam forming network 128 to the feed an*ay 136 by waveguide 140, 
and is then directed by the feed 136 to a doubly-curved shaped reflector 144. 
Although Figure 5 depicts a particular system for projecting a forbidden-band 
beam pattern, other means within the scope of the invention may be used to 
perform this function. 

10 

For example, in an alternate embodiment of the antenna control system the 
look-up table includes information relating to longitudinal variation in the 
positions of the forbidden band boundaries. Such more precise forbidden band 
representations could each be stored, for example, as a two-dimensional matrix 

15 associated with a particular orbit latitude of the non-geostationary satellite. A 
set of mathematical expressions from which these two-dimensional forbidden 
band representations could be derived is set forth below. The geometric 
parameters included within the following expressions are defined within the 
diagram of Figure 6, in which are shown various geometrical relationships 

20 ' between a geostationary (GSO) satellite G and non-geostationary (non-GSO) 
satellite I relative to the earth. 

In another implementation of the antenna control system the look-up table will 
include data corresponding to amplitude and phase coefficients used in 

25 controlling individual elements within the antenna feed array. Such control data 
will generally be transmitted from a ground station and stored within the look-up 
table prior to initiation of satellite operation. Since the orbit of 
non-geostationary satellites is periodic, it is not required to generate a separate 
set of control data based on recurring sets of geometrical satellite position 

30 parameters. Although this approach may require a larger memory than 
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implementations involving on-board generation of antenna control signals, it 
is simpler with regard to processing requirements and the like. Moreover, in 
this approach control data corresponding to representations of the forbidden 
band exhibiting longitudinal variation could be stored as easily as those in 
5 which the shape of the forbidden band is specified simply by a pair of 
latitudes. 

In another implementation, the look-up table includes data corresponding to 
said amplitude and phase coefficients as a function of time, and the non- 
geostationary satellite has an accurate clock which can be adjusted or reset 
10 by signals from the ground station. In this way, no direct position 
information need be stored. 

While the antenna control system 100 of Figure 5 is designed for 
incorporation in the non-GSO satellite, in an alternative embodiment elements 
of the control system 1 00 are incorporated in a ground-level control station. 
1 5 The control station includes the position acquisition subsystem 1 20, the CPU 
102 and the memory unit 108, and information on the forbidden band 
boundaries is transmitted to the antenna control subsystem 1 24, so that the 
control station inhibits communication with the forbidden band. 

Geometrical Context of Forbidden Band Calculations 

20 In what follows it is assumed that the position of the non-GSO satellite is 
fixed at a given latitude, such that all calculations correspond to a given 
instant in the non-GSO satellite orbital period. This allows longitude to be 
determined relative to the non-GSO satellite. The GSO satellite considered 
can have any longitude and a latitude between -3 and -r 3 degrees, a range 

25 corresponding to the typical latitude drift of GSO satellites. In all of the 
following calculations the variable of interest corresponds to the location of 
the ground station M on the surface of the earth. 
The following notations will be used hereinafter: 
0, center of the earth; 
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Ro, radius of the earth; 

I, the non-GSO satellite positioned at latitude I and orbit height h'; 
G, the GSO satellite positions at longitude L. latitude Al and orbit 
height h wherein longitude is measured relative to the non-GSO satellite; 
5 lo, the point of latitude 0 and relative longitude 0 at the same height 

as I; and 

M, the instantaneous location of the ground station on the surface of 
the earth. 
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A first reference frame in Figure 6 defined relative to the position of the 
non-GSO satellite may be characterized as follows: 

Iz is a vector directed from the non-GSO satellite to the center of the 

earth; 

5 ly is a vector in the longitude plane containing I, is directed 

perpendicular to Iz, and points in the north direction; and 
Ix is oriented such that Ixyz is orthonormal. 

A second frame of reference is denoted as loXYZ, and is similar to the 
10 reference frame Ixyz but uses lo rather than I as an origin. The reference 
frame Ixyz may be obtained by rotating the reference frame loXYZ through an 
angle I with respect to the axis OX. The notations used within the second 
reference frame of Figure 6 are: 



OM = 

0/ = 
OG = 



P 3 — 



Ro * a 
Ro + h' 
Ro + h * 
b 



(15) 



Gl 
n 



o 
d 



irfG = topocentric angle 



15 



The spherical coordinates of M in Ixyz are (r, 6, 9) so that its cartesian 
coordinates in Ixyz are (r sine coscp, r sine sin<p, rcos8). A pair of directions 
of interest are given by the following unit vectors: 
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10 



15 



Determination of Forbidden Directions of Transmission from the non-GSO 
Satellite 

In a preferred approach the forbidden transmission directions from the 
non-GSO satellite are calculated with respect to a set of orbit locations within 
the geostationary band, i.e., potential positions of the GSO satellite. The 
forbidden directions derived with respect to each GSO satellite position may be 
envisioned as forming a beam, originating at the non-GSO satellite, the edges 
of which illuminate points on the earth's surface from which the telocentric 
angles between the non-GSO satellite and the associated GSO satellite are 
equal to the minimum discrimination angle D,^. The following section 
describes a method for determining the shape of the forbidden beam in terms 
of a set of unit vectors v\ wherein each value of v* specifies a linear path 
between the non-GSO satellite and a location on the surface of the earth. In 
this way the contour of the forbidden band of locations on the surface of the 
earth may be determined with knowledge of the shape of the forbidden beam. 



Referring to Figure 6, the coordinates of the satellite G may be expressed in 
terms of the non-GSO satellite reference Ixyz as follows: 







r l 


0 0 > 


' -csin/oo$A/ > 








0 


cos/ tin/ 


csinA/ 


■ 








-sin/ oos/; 


t-CQOSLCOSA/; 





-csinicosA/ 
csinA/cos/- coosLoosA/sin/ 



(17) 



so that: 



let 



VV*> 



Sin L COS A/ 
cosLcosA/sin/- sin A /cos/ 
,cosLccsa/cos/+ slnA/sln/- p, 



(18) 



20 By calculating the scalar square of equation (18). one obtains: 



(19) 



d = c7l ♦ p 2 - 2p(cmLc«/cosa/ ♦ sin/sinA/) 

The range r between a ground station location and the non-GSO satellite may 
be expressed as: 
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Furthermore, 



C50ST1 « .MI.MG » = ( 2 ») 



leads to: 



d 2 



(22) 



Combining equations (19), (20) and (22), one thus has u .v in function of 8. 
The two unit vectors given by equation (16) may also be represented in the xyz 
reference as follows: 



[ ewe 



(23) 



10 so that: 



0.9* 



(sinLcosAftinecosv 

♦ (oosLstn/cosA/- cos/sin A/) sine sin* 

* (oosIoos/oosa/* tin/sin A/* p)oo$9) ) 

t/1 * p a -2p(cosice$/cosA/* sin/sinA/) 



(24) 



Combined with the other expression of u .v given in equation (22), equation (24) 
leads to a relation between 0 and cp, which can be written: 
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>l(8)cos<p + fl(8)sin<p = C(6) 



(25) 



This results in 0, 1 or 2 values of <p for a given value of 8. For a solution (6,<p) 
of the equation, the corresponding unit vector v* corresponds to the direction of 
a ray on the periphery of the 'forbidden beam", i.e., the beam defined by the 

5 values of I, L, Al and r\. The calculation of 9 values corresponding to a 
sufficient number of 9 values thus yields an approximation of the contour of the 
forbidden beam under consideration. Superposition of a sufficient number of 
forbidden beams, with each forbidden beam corresponding to a particular GSO 
satellite location, enables determination of the forbidden band of locations on 

10 the surface of the earth associated with the location of the non-GSO satellite. 
In a particular implementation the GSO satellite locations considered are at 
specified values of allowed GSO satellite drift latitude (e.g., +3 and -3 degrees). 
At each drift latitude calculations are performed from a plurality of longitudes 
relative to the longitude of the non-GSO satellite. 



presentation of the Forbidde n Band in the Non-GSO Satellite Reference 
Referring to Figure 6. each direction from the non-GSO satellite I is represented 
by the projection in plane Ixy of the corresponding unit vector. Each forbidden 
direction, defined by a value of 6 and a value of 9. is thus represented in a 
20 plane by a point of cartesian coordinates (x = sin6 coscp, y = sin6 sincp). In this 
representation format the field of view of the non-GSO satellite is circular. 

It is noted that this representation format differs from a satellite reference in 
which azimuth and elevation are specified. In these two representations the 
25 directions from the satellite are related by: 



and are thus coincident when small angles are involved. In azimuth/elevation 



15 




(26) 



WO 96/31016 



PCT/GB95/00718 



- 25 - 

representation, the field of view of the satellite will not be circular unless both 
the azimuth and the elevation angles are small. 

An exact representation of the forbidden band requires consideration of the 
5 forbidden beams corresponding to ail positions within the geostationary band 
within view of the non-GSO satellite under consideration. Nonetheless, in 
particular implementations it may be sufficient to approximate this exact 
representation by a horizontal latitude band encompassing all points within the 
exact representation. This approximation may be defined in terms of two 
1 0 values of elevation within the field of view of the non-GSO satellite. Moreover, 
this horizontal approximation of the forbidden band allows a straightforward 
realization of the antenna 132 (Figure 5) of the non-GSO satellite as a 
conventional linear feed array. 

15 Referring to Figure 7a f an exact representation and an approximation of a 
forbidden band are shown within the field of view (FOV) of a non-geostationary 
satellite. In particular, the exact forbidden band is shown as the cross-hatched 
region between the dashed lines while the horizontal approximation is defined 
by the elevations E1 and E2. The particular example of Figure 7a corresponds 

20 to the situation in which the non-GSO satellite is in orbit at an altitude of 1800 
km at a latitude of 25 degrees, and in which the minimum discrimination angle 
required for acceptable interference is 7 degrees. This results in a forbidden 
band approximation in which the elevations E1 and E2 are at 10.1 degrees and 
41.8 degrees, respectively, relative to the center C1 of the non-GSO field of 

25 view. 

An additional example of a projection of the forbidden band within the field of 
view of a non-GSO satellite at an altitude of 1800 km at a latitude of 10 
degress is provided by Figure 7b. Specifically, forbidden bands are shown for 
30 minimum discrimination angles of 3 dsgtees (solid line), 5 degrees (dashed 
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line), and 7 degrees (dotted line). In the representation of Figure 3 the 
forbidden bands correspond to orthographic (sine) projections mapped 
according to the function sin(8), where 8 denotes latitude. 

5 Representation of Forbidden Band on Surface of Earth 

In this section the forbidden band within the. non-GSO satellite reference 
depicted in Figure 7a will be transformed to a corresponding forbidden band on 
the surface of the earth. The transformation entails calculation of the longitude 
L M and latitude l M (with respect to the non-GSO satellite position) of the point 

10 M on the earth's surface corresponding to a given direction from the non-GSO 
satellite. This calculation requires finding an xyz coordinate representation of 
the vector OM based on the following expression: 



The values of l M and L M are then simply derived as functions of 9 and <p. This 
transformation from (8,(p) to (L M ,I M ) allows the intersection with the earth's 
15 surface of any ray from the non-GSO satellite to be represented in terms of 
' longitude and latitude upon an earth map. The transformation is initiated by 
considering (i) the representation of the field of view of the non-GSO satellite: 



and, (ii) the two values of elevation (El) within the non-GSO reference frame 
associated with the boundaries of the horizontal approximation of the forbidden 
20 band. The following expression holds at each boundary elevation El: 




'-acos/ySlnLj, = rsinecos? 

asin/ w - rsind sin? cos/ - r sin/cose ♦ b sin/ 
l-dcos/ M cosl M = rsinesin? sin/ + rco$8cos/- fccos/ 



(27) 




(28) 



sine sin «p = sin£7 



(29) 



Referring to Figure 8a, there is shown a representation on the earth's surface 
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of the horizontal forbidden band of Figure 7a. Specifically, the field of view 
of the non-GSO satellite is denoted in Figure 8a by the solid line FOV, while 
the limits of the approximation of the forbidden band are indicated by the 
dashed line EV and E2\ It is noted that the horizontal limited E1 and E2 of 
5 the forbidden band within the non-GSO satellite reference are transformed to 
the curved segments EV and E2' on the earth's surface. 

As an additional example, Figure 8b shows projections upon the earth's 
surface of a set of forbidden bands (solid lines) together with the projections 
of the associated fields of view (dashed lines). The projections correspond 
10 to a plurality of latitude positions of a non-GSO satellite in orbit at an altitude 
of 1800 km, and assume a minimum discrimination angle of 7 degrees. The 
relative longitudinal positions of the forbidden bands were varied in order to 
minimize mutual superposition. 

Alternative Implementations 

15 Referring again to Figure 5, in other embodiments of the antenna control 
system 1 00 the boundaries of the forbidden band could be determined in real- 
time rather than using a look-up table 116. For example, latitude and 
longitude information from the position acquisition subsystem 1 20 (Figure 5) 
could be used by a microprocessor or the like on-board the non-geostationary 

20 satellite to determine the shape of the forbidden band in accordance with the 
analytical expressions set forth in the above equations. In another 
implementation such real-time calculations would be performed at a ground 
station and transmitted to the non-geostationary satellite. In each of these 
implementations the control system 100 would then operate as described 

25 above to project an antenna beam only to those regions outside of the 
forbidden band. 

The calculation of the forbidden beam is used above to derive the contour of 
the forbidden band. However, in an alternative embodiment in which the 
precise position of the GSO satellite is known, the instantaneous forbidden 



WO 96/31016 



PCT/GB95/00718 



. 28 - 

beam is used to define a forbidden area with which the non-GSO satellite 
does not communicate, the forbidden area being smaller than the forbidden 
band. 

Furthermore, the above equations for the forbidden beam are not specific to 
5 a combination of a GSO and a non-GSO satellite, but may be applied to any 
two satellites, so that a forbidden beam may be calculated in any situation 
involving interference between two satellites and transmission from or 
reception by one of the satellites may be inhibited in the forbidden beam. 

HANDOVER 

10 In each of the above methods, the non-geostationary satellite 20 is prevented 
from communicating with any ground station within the forbidden band or 
beam. However, an object of using non-geostationary satellites is to provide 
global or near global coverage. Therefore, calls routed between the non- 
geostationary satellite 20 and ground stations within the forbidden band or 

1 5 beam should not be cut off, but should be handed over in a way that avoids 
the forbidden band or beam. 

Figure 9 shows a situation in which first and second ground stations 50 and 
52, which are designed for communication with the non-geostationary 
satellite 20, are both linked via a ground network 54 to a PSTN 56. Calls are 

20 routed between a third ground station 58 and the PSTN 56 via the non- 
geostationary satellite 20 and the first ground station 50. However, as the 
non-geostationary satellite 20 moves with respect to the earth's surface, the 
first ground station 50 falls within a forbidden band or beam with respect to 
the geostationary satellite 10, so that communication with the first ground 

25 station 50 is not possible without interference with the feeder-link path FP 
between the geostationary satellite 10 and the ground station 40. 

In this case, calls are handed over from the first ground station 50 to the 
second ground station 52, which is not located within the forbidden band or 
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beam, so that the link between the third ground station 58 and the PSTN 56 
is maintained. The handover is preferably controlled by determining which 
calls are routed through a spot-beam which covers the first ground station 50 
and re-routing the calls through a spot-beam which covers the second ground 
5 station 52, and may either be controlled by the third earth station 58 or the 
non-geostationary satellite 50. 

It is to be noted that the extent of the forbidden band or beam depends on 
the value of Dmin, which depends partly on the directional properties of the 
antennas associated with the ground station 40, the non-geostationary 
10 satellite 20 and the geostationary satellite 10. The first and second ground 
stations 50 and 52 may be equipped with directional or omnidirectional 
antennas without affecting the extent of the forbidden band or beam. 

An alternative situation will now be described with reference to Figure 10, in 
which a communication link is set up between the third ground station 58 
15 and a mobile ground station 59. In this case, it is not acceptable to handover 
calls to an alternative ground station as in Figure 9, because the mobile 
ground station 59 is not connected to a ground network which would allow 
it to receive the calls after they are handed over. 

Instead, when the mobile ground station 59 falls within a forbidden band or 
20 beam with respect to the geostationary satellite 1 0 and the non-geostationary 
satellite 20, calls are handed over from the non-geostationary satellite 20 to 
a further non-geostationary satellite 25 for which the mobile station 59 does 
not fall within a forbidden band. Preferably, the handover is controlled by the 
third ground station 58. 

25 While the present invention has been described with reference to a few 
specific embodiments, the description is illustrative of the invention and is not 
to be construed as limiting the invention. Various modifications may occur 
to those skilled in the art without departing from the scope of the invention 
as defined by the appended claims. 
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CLAIMS : 

1 . A method of limiting interference between transmissions from a first 
satellite and from one or more second satellites located within one or more 
orbital locations, comprising: 

5 determining whether a forbidden area of the surface of the earth, within 

which said first satellite and each of said orbital locations are separated by less 
than a predetermined minimum discrimination angle, is located within the field 
for view of the first satellite, and 

allowing transmission by the first satellite only to areas outside said 
10 forbidden area. 

2. A method as claimed in claim 1 , further comprising allowing transmission 
to said forbidden area by a third satellite separated from each of said orbital 
locations by greater than said predetermined minimum discrimination angle 
within said forbidden area. 

15 3. A method as claimed in claim 1, further comprising handing over 
transmission by said first satellite from a first ground station within said 
forbidden area to a second ground station outside said forbidden area. 

4. A method of limiting interference in a link via a first satellite from 
transmissions from one or more ground stations to one or more second 

20 satellites located within one or more orbital locations, comprising: 

determining whether a forbidden area of the surface of the earth, within 
which said first satellite and each of said orbital locations are separated by less 
then a predetermined minimum discrimination angle is located within the field 
of view of the first satellite, and 

25 allowing reception via the first satellite only from areas outside said 

forbidden area. 

5. A method as claimed in claim 4, further comprising allowing reception 
from said forbidden area by a third satellite separated from each of said orbital 
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locations by greater than said predetermined minimum discrimination angle 
within said forbidden area. 

6. A method as claimed in claim 4, further comprising handing over 
reception by said first satellite from a first ground station within said forbidden 

5 area to a second ground station outside said forbidden area. 

7. A method as claimed in any preceding claim, further comprising 
adjusting the antenna beam pattern of the first satellite so as not to cover said 
forbidden area. 

8. A method as claimed in claim 7, wherein the antenna beam pattern is 
10 adjusted by inhibiting spot beams incident on said forbidden area. 

9. A method as claimed in any preceding claim, wherein said predetermined 
discrimination angle corresponds to a predetermined threshold of said 
interference. 

10. A method as claimed in any preceding claim, wherein said one or more 
1 5 locations comprises the instantaneous position of the one or more second 

satellites. 

11. A method as claimed in any one of claims 1 to 9, wherein said one or 
more locations comprises an orbital band within which said one or more second 
satellites are confined. 

20 12. A method as claimed in claim 10 or 11, wherein said one or more 
second satellites are geosynchronous. 



13. A method as. claimed in claim 12, wherein said one or more second 
satellites are geostationary. 
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14. A method as claimed in claim 13, wherein the forbidden area 
determining step includes the step of determining a range of latitudes within 
which said separation is less than said predetermined discrimination angle. 

1 5. A method as claimed in any preceding claim, wherein said method steps 
5 are executed by a ground station. 

1 6. Apparatus for limiting interference between transmissions from a first 
satellite and from one or more second satellites located within one or more 
orbital locations, comprising: 

means operable to determine whether a forbidden area of the surface of 
1 0 the earth, within which said first satellite and each of said orbital locations are 
separated by less than a predetermined minimum discrimination angle, is 
located within the field of view of the first satellite, and 

means operable to allow transmission by the first satellite only to areas 
outside said forbidden area. 

15 17. Apparatus as claimed in claim 1 6, further comprising means operable to 
allow transmission to said forbidden area by a third satellite separated from 
each of said orbital locations by greater than said predetermined minimum 
discrimination angle within said forbidden area. 

1 8. Apparatus as claimed in claim 1 6, further comprising means operable to 
20 hand over transmissions by said first satellite from a first ground station within 

said forbidden area to a second ground station outside said forbidden area. 

19. Apparatus for limiting interference in a link via a first satellite from 
transmissions from one or more ground stations to one or more second 
satellites located within one or more orbital locations, comprising: 

25 means operable to determine whether a forbidden area of the surface of 

the earth, within which said first satellite and said orbital locations are 
separated by less than a predetermined minimum discrimination angle, is 
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located within the field of view of the first satellite, and means operable to 
allow reception via the first satellite only from areas outside said forbidden 
area. 

20. Apparatus as claimed in claim 19, further comprising: 

5 means operable to allow reception from said forbidden area by a third 

satellite separated from each of said orbital locations by greater than said 
predetermined minimum discrimination angle within said forbidden area. 

21. Apparatus as claimed in claim 19, further comprising: 

means operable to hand over reception by said first satellite from a first 
10 ground station within said forbidden area to a second ground station outside 
said forbidden area. 

22. Apparatus as claimed in any one of claims 6 to 21, further comprising 
means arranged to adjust the antenna beam pattern of the first satellite so as 
not to cover said forbidden area. 

15 23. Apparatus as claimed in claim 22, wherein the adjusting means is 
arranged to adjust the antenna beam pattern by inhibiting spot beams incident 
on said forbidden area. 

24. Apparatus as claimed in any one of claims 16 to 23, wherein said 
predetermined discrimination angle corresponds to a predetermined threshold 

20 of said interference. 

25. Apparatus as claimed in any one of claims 16 to 24, wherein said one 
or more locations comprises the instantaneous position of the one or more 
second satellites. 

26. Apparatus as claimed in any one of claims 16 to 24, wherein said one 
25 or more locations comprises an orbital band within which said one or more 



WO 9(01016 



PCT/GB95/00718 



34 

second satellites are confined. 

27. Apparatus as claimed in claim 25 or 26, wherein said one or more 
second satellites are geosynchronous. 

28. Apparatus as claimed in claim 27, wherein said one or more second 
5 satellites are geostationary. 

29. Apparatus as claimed in claim 28, wherein the forbidden area 
determining means includes means operable to determine a range of latitudes 
within which said separation is less than said predetermined discrimination 
angle. 

1 0 30. A ground station including apparatus as claimed in any one of claims 1 6 
to 29. 

31. A satellite including apparatus as claimed in any one of claims 16, 18, 
1 9 # 21 or any one of claims 22 to 29 when dependent thereon, for use as said 
first satellite. 
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FIG. 2 
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FIG. 3 
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FIG. 7a 
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FIG. 7b 
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FIG 10 
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